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ABSTRACT 


This  report  presents  a  practical  technique  for  designing  automatic 
•and  semi-automatic  (quickened)  control  systems  for  air  cushion  ve¬ 
hicles  (AC\'''s.):.  These  systems  have  been  designed  to  minimize  a 
major  problem  in  ACV  control,  vehicular  sideslip..  General  equations 
of  five  degrees  of  freedom  of  ACV  dynamic  operation  are  Included  from 
which  a  niathematl'cal  model  can  be  derived;  this  derivation  is  also 
Included,  The  design  technique  is  valid  for  most  vehicle  configura¬ 
tions  and  examples  of  its  application  are  included  for  three  different 
control  methods.  The  quickened  concept  is  explained  and  results  of 
Its  usage  are  Included.  Analog  conputer  data  is  presented  -for  turning 
maneuvers  at  the  operating  conditions  for  which  the  systems  were  de¬ 
signed  as  well  as  at  off-design  points. 

Prom  the  study  that- preceded  this  report  it  was  concluded  that  an 
automatic, or  a  quickened, control  system  for  an  ACV  offers  distinct 
advantages  over  conventional  manual  control,  particularly  in  minimizing 
sideslip  and  establishing  and  maintaining  a  command  heading. 
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INTRODUCTION 


Maneuvering  an  air  cushion  vehicle  (ACV)  presents  difficulties  that 
are  unique  to  this  mode  of  tr  nsportatlon.  Because  ths  vehicle  is 
designed  to  minimize  surface  friction  and  Water  drag.  It  has  little 
resistance  to  side  and  yawing  motion.  Therefore,  external  forces  must 
be  applied  simultaneously  to  control  these  variables.  An  analog  com¬ 
puter  investigation^  has, confirmed  that  manual  coordination  of  these 
forces  is  difficult. 

To  give  the  ACV  operator  control  of  these  forces  the  study  summarized 
In  this  report,  was  conducted  under  contract  NObs  9205O,  Phase  II. 

The  project  was  to  provide  a  method  for  designing  automatic  and  semi¬ 
automatic  control  systems  with  the  following  capabilities:  accurate 
course-keeping  in  the  presence  of  disturbances,  and  accurate  course- 
changing  with  a  low  sideslip  angle.  Sideslip  Is  defined  as  the  angle 
which  the  relative  wind  makes  wfth  the  vehicle's  bow  (see  Appendix  I). 

Both  the  automatic  and  semi-automatic  approaches  were  designed  for  the 
three  existing  ACV  configurations  shown  In  figure  1:. 

1)  prbpellerr  located  fore  and  aft  of  the  center  of  gravity 
(c.g. 

2)  propellers  located  behind  the  c.g.,.and! 

3)  rudders  located  behind  propellers  behind  the  c.g. 

Three  configurations  were  chosen  to  ensure  that  the  design  procedure 
Is  generally  applicable. 

Since  the  equations  developed  for  the  mathematical  representation  of 
the  vehicle  were  too  nonlinear  and  complex  (Appendix  I)  to  use  for 
control  design,  they  were  reduced  to  a  manageable  form  by  assuming  an 
operating  condition  and  linearizing  the  equations  about  this  condition 
(Appendix  I).  The  I’esponse  was  checked  for  off-deslgn  conditions  to 
see  what  effect  this  variation  would  produce. 

A  superscripted  number  In  the  text  refers  to  a  publication  listed  on 
page  37.. 
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CONPIOU/nATION.  "A"  -  PROPELLERS  LOCATED  PORE  AND  APT  OP  THE  C.G 
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CONPIGURATION  "B"  -  PROPELLERS  LOCATED  BEHIND  C.O. 

I 


CONPIGURATION  "C"  -  RUDDERS  LOCATED  BEHIND  C.O. 

PIGURE  1  VEHICLE  CONPIOURATIONS  IN  CONTROL  SYSTEM  DESIOl/S 


Prom  these  linearized  equations  a  transfer  function  was  derived  from 
yaw  moment  to  vehicle  heading.  This  transfer  function  combined  with 
specifications  of  maximum  turning  rate,  acceleration,  and  zero  over¬ 
shoot  was  used  to  design  the  vehicle  controller. 

The  linearized  equations  were  programmed  on  the  analog  conputer  and 
the  response  v/as  compared  to  the  predicted  response  after  studying  the 
analog  computer  simulator  shovm  in  figure  2.  Variations  of  the  feedback 
terms  were  tnade  where  it  vjas  necf  'ry  to  minimize  the  deviation  of 
the  actual  response  from  the  predicted  response.  Then  the  exact 
equations  of  motion  for  the  vehicle  were  programmed  and  the  response 
v;as  again  studied  and  the  controller  modified. 

For  the  semi-automatic  (quickened)  system, two  different  forms  of 
display  signals  were  used.  In  the  first,  the  stick  position  (l.e., 
acceleration  input)  was  used  as  one  of  the  feedback  terms;  in  the 
second, this  term  was  zero.  In  this  system, while  the  actual  control 
is  completely  manual,  the  use  of  the  manual  control  is  dictated  by  an 
error  display  presented  to  the  operator.  For  the  weil-?behaved  turn 
there  are  two  quantities  which  must  be  controlled:  side  force  and 
yaw  moment.  Two  methods  were  used  to  display  these  two  controls 
(figures  13  and  16), 

If  the  operator  keeps  the  control  signal  in  the  proper  position,  the 
forces  which  he  commands  should  produce  the  same  vehicle  response  that 
would  have  been  produced  by  the  automatic  system.  'Ilerefpre,  first 
the  automatic  system  was  modified  to  allow  the  operator  to  act  as  an 
ei’ror  detector  and  an  actuator  within  the  control  loop.  Wien  the 
quickened  system  v;as  redesigned  by  varying  the  parameters  to  produce 
a  good  response  without  too  much  operator  effort. 

This  design  procedure  was  used  for  three  vehicle  configurations: 
fore-  and  aft  propellers,  two  propellers  behind  the  c.g. ,  ah'*  rudders 
behind  two  props  behind  the  c.g.  Results  were  obtained  for  each  of 
these  cases  and  are  Included  in  the  appendices. 
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FIGURE  2  ACV  CONTROL  STATION  SIMULATOR 
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DEVELOPING  A  MATlIEMPv'PICAL  MODEL. 

To  describe  the  dynamic  operation  of  an  AOU,  equations  of  motion  must 
be  savailable  from  which  a-  mathematical  model  can  be  d'eyelopedj  these 
’  equ6^fc4ona_wgre  ootained  from  reference  1.  Together  with  the  data  on 
Electric  Boat's  test  v€Jhicle  SKIP-l,  they  describe  all  the  forces  that 
act  ;bn  the  vehicle  in  any  dynamic  condition.  Their  derivation  applies 
to  any  A'CV  with  particular  emphasis  on  a  vehicle  equipped  with  rudders. 

Five  degrees  of  freedom  are  Included  in  the  equations  -  forward, 
velocity,  side  velocity,  pitch,  roll  and  yaw,  with  only  the  heave 
dynamics  omitted.  The  two  dominant  equations  used  to  design  a  conr 
trailer  for  the  vehicle  are  the  side  force  and  yawing  moment  equations. 
Each  of  the  other  equations  contributes  terms  which  affect  these  two 
equations,  but  the  complexity  is  reduced  by  a  simplification  technique. 
The  method  of  simplification  was  to  select  an  operating  condition  and 
linearize  the  equations  about  this  point. 

The  linearization  of  the  equations  was  accomplished  by  taking  the 
partial  derivatives  of  each  of  the  acceleration  terms  with  respect 
to  the  fundamental  variables.  The  partial  derivative  was  evaluated 
at  a  particular  condition  and  this  value  was  used  as  a  constant  slope 
of  the  acceleration  with  respeevt  to  the  variable.  For  example,  the 
ysiVi  acceleration^*^*),  is  a  function  of  the  left  propeller  pitch  angle 
,  the  fight  propeller  pitch  angle  >  the  propeller  speed,  the 
rudder  angle  '(&p)y  the  side  velocity  (V),  the  forward  velocity  (U)  and 
the  yaw  rate  If  external  wind  is  considered,  yaw  acceleration  is 

also  a  function  of  the  rnagnitudfe  and  angle  of  this,  wind;  however,  for 
the  example,  wind  was  neglected. 

With  a  constant  propeller  speed,  the  dbove  statement  may  be  written 
as  an  equation: 

f  =  f  6j>;,  V,  U,,  h  ^  g. 

If  the  linearization  technique  Is  used.,  regardless  of  the  conplexlty 
of  this  original  function,  the  final  form  is  simple. 
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The  linearized  yaw  moment  equation  is 

-Ij  n  i» 

Each  of  these  partial  derivatives  reduces  to  a.  constant  when  evaluated 

at  the  selected  operating  point.  The  symbol  h  denotes  a  deviatidh  from 

the-  operating  condition.  If  4§-  is  defined  as  and  =  krv>  etc.,/ 

oPl  - 

then  in  the  ..h  cinity  of  tf  '  operating  point 

V  =  +  kgpj^  f  k^bf^  +  kj^V  +  k^ir  + 

This  same  technique  was  applied  for  all  of  the  equations  0;f  the  vehi¬ 
cle,  and'  the  result  was  linearized  equations  of  a  similar  form. 

it  must  be  established  over  what  magnitude  of  perturbation  of  each  of 
the  variables  the  aquations  are  accurate.  There  are  1;wp  problems 
which  might  arise-  in  such  an  approxima'tion  technique.  The  first  pos¬ 
sible  problem  is  tha^o,  although  originally  the  vehicle  is  operated  at 
the  design  condition,  during  a  sx^ecific  maneuver  the  linearized  equa¬ 
tions  do  not  offer  an  adequate  description  of  the  motion  because  of 
prominent  nonlinear  contributions  during  the  maneuver,  The  second 
problem  is  that  a  controller  which  is  designed  for  onp  condition  may 
perform  properly  in  that  situation,  but  at  a  slightly  di-fferent  oper¬ 
ating  point  may  react  entirely  differently. 

To  check  the  validity  of  the  linearization  it  is  necessary  to  either 
examJ.ne  the  linearized  equations  which  are  the  result  of  ^deviations 
from  the  original  operating  conditions,  or- to  study  thp  controller 
action  when  it  is  used  on  an  analog  or  similar  simulatloh..  If  the 
linearised  equations  offer  an  inadequate  description  of  the  nohlihear 
equations.,  a  nonlinear  term  can  be  Introduced  -to  val'ldate  the  equa-tlons. 
In  some  cases,  mere  than  one  nonlinear  term  niay  be  necessary  to  produce 
equations  VJhioh  represent  the  exact  equations  of  motion  with  aufficient 
accuracy  over  a  reasonable  range,  If  one  or  more  nonlinear  terms  are 
introduced  the  equations  are  still  much  simpler  than  the  original 
expressions i 
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’.Co  ■:iioek  tho  possibility  that  the  controller  is  acceptable  in  one 
I'orion  .vet  not  effective  in  another,  there  is  a  method  similar  to 
me  I'or  checking  'he  validity  of  the  linearization.  A  nonlinear 
«  ontmiier  can  bo  designed  such  that  the  nonlinear  term  is  used  to 
•ucpunsate  for  the  .variation  v/Mch  produces  the  error.  For  SKIP-1, 
aider  calculations  \vere  made  to  determine  linear  sets  of  equations:, 
a  controller  vjas  designed  for  selected  operating  points,  and  tes.ts 
uerc  Biado  on  the  analog  computer;  the  tesb  results  proved  that  the 
linear  systems  gave  acceptable  control  response. 

dht.-u  the  equations  of  the  ACV  v/ere^  linearized,  it  was  easier-  to  take 
ti  c  pai^tials  of  the  accc-ieration  terms  with  respect  to  some  of  the 
si:-‘:ondary  variables, as  v;ell  as  the  primary  variables, and  to  expand 
’hose  secondary  variables  In  terms  of  the  basic  variables.  The  primary 
valuables  are  all  of  the  terms  which  cannot  be  expressed  by  ocher 
j' Tables  such  as  forward  velocity,  side  velocity,  and  rudder  angle, 
secondary  variables  are  those  which  can  be  defined  in  terms  of  the 
primary  variables  such  as  sideslip  angle  and  rudder  slipstream 
•c-loclty.  The  simplification  technique,  as  v;ell  as  the  final  linear- 
isea  equations  for  several  situations,  is  shovm  in  Appendix  1.  These 
equations  vrere  used  for  the  control  system  design. 


AMALOC^  COMPUTER  STUDY 


■For  discussion  purposes  the  computer  facility  is  divided  into  three 
groups :  ^ 

T)  the  simulation  equipment  for  the  vehicle  dynamics, 

2)  the  simulation  equipment  for^he  vehicle  controls,  and 

t 

3)  the  display  and  recording  equipment. 

In  the  first  group,  the  simulation  equipment  for  the  vehicle  dynamics, 
a  48  amplifier  EAI  Pace  analog  computer  was  combined  with  48  additional 
Embree  amplifiers  to  provide  the  analog  computer  representation  of  the 
equations.  The  exact  equations  of  motion  were  used,  l.e.,  those  in 
Appendix  1  before  the  linearization  process.  The  complete  analog  com¬ 
puter  program  for  the  vehicle  dynamics  v;lth  manual  controls  is  shown 
In  Appendix  II,  page  II-2.  This  is  the  entire  program,  except  for 
the  display  circuitry,.'  that  was  used  In  the  study  of  the  quickened 
system  with  rudders  behind  the  c.g.  For  each  of  the  other  systems  that 
was  studied  with  this  program,  modifications  in  the  Control  force 
simulation  had  to  be  made.  With  the  other  vehicles  the  rudder  contri- 
butions  were  disconnected  and  replaced  by  the  appropriate  -forces,  \diile 
the  remainder  of  the  dynamics  of  the  vehicle  were  considered  unchanged 
by  this  alteration.  The  analog  program  for  each  of  the  controls  is 
presented  in  Appendix  IX,.  pages  II-3  and  II-4. 

Gf  the  simulation  equipment  for  vehicle  control,  the  major  item  is 
the  control  station,  shown  in  figure  2.  This  station  was  fabri¬ 
cated  specifically  for  AGV  simulated  control  and  vjas  used  for  both  the 
manual  and  ti.re  seml-automatiC  ( quickened)-  studies .  Hand  and  foot  con¬ 
trols  are  provided  for  all  the  foreseeable  control  forces.  Wheel  motion  i 
used  to  control  the  turning  moment  in  all  of  the  vehicle  configurations. 
The  stick  on  which  the  Vt'heel  is  mounted  has  two  degrees  of  freedom: 
fore-and-aft  and  side-to-side.  The  foot  pedals  provide  two  polarities 
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of  the  same  control  force:  depressing  the  left  foot  pedal  actuates 
a  force  in  a  preselected  direction  and  depressing  the  right  foot 
pedal  reverses  that  force.  The  two  hand  levers  to  the  right  of  the 
operator  are  Independent  and  can  be  used  for  control  of  other  input 
command  signals. 

The  thirl  group  of  the  computer  simulation  is  the  display  and  record¬ 
ing  equipment.  The  display  consists  of  the  meters  and  the  21-lnch 
oscilloscope  shown  in  figure  2.  There  are  enough  meters  available 
to  display  all  of  the  variables  necessary  for  effective  control,  and 
the  oscilloscope  display  is  used  for  the  quickened  system  which  is 
explained  later*  Another  use  of  the  scope,  which  was  not  applied 
during  this  study,  could  be  to  give  the  operator  a  more  informative 
representation  of  sideslip  by  displaying  vehicle  path  and  vehicle 
orientation  during  a  turning  maneuver* 

Two  oscillographic  recorders  were  available  for  data  recording  pur¬ 
poses.  The  eight-channel  recorder  was  used  throughout  the  study  to 
continuously  record  the  pertinent  variables  while  the  four-channel 

recorder  was  used  to  check  unrecorded  variables  as  desired. 

*• 

During  the  portions  of  the  control  studies  involving  manual  control, 
an  effort  was  made  to  minimize  the  number  of  errors  which  would  be 
caused  by  simulation  inadequacies  In  the  display  and  controls.  The 
design  of  the  display  and  the  location  of  the  control  forces  on  the 
simulator  were  determined  by  actual  operation;  various  designs  werje 
tried  until  a  satisfactory  one  was  achieved. 

However,  with  this  simulation  technique  one  major  element  was  missing  - 
the  feeling  of  motion  by  the  operator.  In  the  actual  vehicle  the 
operator  will  have  this  information;  therefore,  actual  vehicle  control 
will  be  superior  to  simulated  control. 


AUTOMATIC  CONTROL  DESIGN 
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In  order  to  design  an  effective  automatic  control  system  for  an  ACV, 
the  desired  response  must  be  postulated  and  an  accurate  mathematical 
representation  of  the  dynamic  equations  of  motion  must  be  available. 
For  a  vehicle  with  a  pre-speclfled  control  configuration,  the  force 
and  moment  limitations  must  be  Incorporated  In  the  determination  of 
a  desired  response.  If;  for  example,  a  turn  Is  desired  at  a  maximum 
rate  of  five  degrees  per  second,  50  knots  forvrard  velocity,,  and  zero 
sideslip,  there  must  be  sufficient  side  force  available  to  counteract 
the  resulting  centrifugal  force. 

For  the  control  designs  described  on  the  following  pages.  It  was 
determined  that  the  response  should  exhibit  these  traits: 

1)  In  any  turn,  sideslip  should  be  minimized; 

2,)  The  rate  of  the  tui’n  should  be  determined  by  the  magnitude 
of  the  course  change  and  the  available  side  force  at  the 
operating  velocity; 

3)  The  vehicle  should  turn  to  the  desired  heading  and  maintain 
It  (no  overshoot). 

In  order  to  define  a  reasonable  turning  rate.  It  Is  first  necessary 
to  determine  which  of  the  controls  Is  the  limiting  quantity.  For 
conventional  control  of  an  ACV,.  the  yaw  moment  Is  sufficiently  high, 
but  there  Is  a  scarcity  of  side  force.;  therefore,  the  quantity  of 
side  force  determines  the  maximum  allowable  yaw  rate.  Tills  Is  true 
for  the  Electric  Boat  test  vehicle. 

Although  study  of  the  quickened  system  preceded  that  of  the  automatic 
system  design.  Since  the  quickened  system  contains  several  ideas  which 
are  not  commonly  used  in  control  design,  the  more  familiar  automatic 
control  Is  discussed  first. 
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Automatic  Control  of  Vehicle  with  Two  Rudders  Behind, the  Center  of 
Gravity 

The  vehicle  with  rudiers  behind  the  c.g.  was  considered  prior  to  the 
other  two  configurations  because  a  conqjlete  mathematical  description, 
as  well  as  the  analog  computer  program,  was  available  for  this  method 
of  control.  In  this  study,  an  operating  condition  was  selected  and 
the  vehicle  dynamics  were  described  by  the  linearized  equations  listed 
In  Appendix  I.  The  operating  condition  chosen  had  a  forward  velocity 
of  50  knots  and  all  other  factors  were  zero,  except  those  necessary 
to  produce  this  velocity,  such  as  propeller  pitch  angle  and  propeller 
speed.  The  pertinent  linearized  equatipns^for  this  condition  are 

V  *  .5624*  -  .14926j,  -  .273V-  1.475^ 

and 

if  =  1.7(01^  -  Pp)  +  .5626p  +  .133V 

where  all  angular  t<'Cni8  are  In  degrees  and  all  linear  terms  are  In 
feet.  The  small  term,  which  are  negligible  have  not  been  Included 
In  these  equations:  ^  and  U  Into  the  side  velocity  equation  and 

U  and  if  into  the  yaw  equation. 

From  these  equations  a  tuzviJng  method  can  be  selected.  According  to 
the  side  velocity  equation,  there  are  two  possible  sources  of  side 
force:  rudder  deflection  and  roll  angle.  Roll  angle  is  not  too 
advantageous  since  it  cannot  be  depetuled  upon  in  choppy  water  or  on 
land  with  obstacles.  Rudders  also  have  disadvantages  as  side  force 
controllers;  since  they  are  located  well  behind  the  c.g. ,  they  exert 
a  moment  which  tends  to  yaw  the  vehicle.  In  fact,  if  the  rudders  are 
used  for  side  force  during  a  tium,  they  provide  a  moment  against  the 
desired  turn.  However,  the  rudders  can  be  used  effectively  for  side 
force  control  If,  while  they  are  being  turned  to  the  selected  angle, 
a  counter  moment  is  applied  that  makes  the  total  yaw  moment  zero . 

The  source  of  this  countermomeht  is  the  same  as  the  moment  which 
Initiated  the  turn.  -  differential  propeller  pitch  (dp) . 

All  the  iyi^ls  for  a  vehicle  with  rudders  ex>e  defined  on  pages 
II-2  through  II -4. 
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During  a  turning  maneuver  the  situation  requires  nullification  of  the 
yaw  rate  coupling  in  the  side  velocity  equation  and  at  the  same  time 
control  of  the  yaw  moment.  Two  decoupling  problems  are  involved; 

1)  Decoupling  the  equations  of  motion^  and 

2)  Decoupling  the  inherently  coupled  side  force  and  yaw  moment 
from  the  controls,. 

Both  of  these  decoupling  actions  are  possible  with  the  forces  avail¬ 
able.  The  following  paragraphs  explain  the  decoupling  process  and 
the  control  system  which  is  designed  after  decoupling. 

The  flow  diagram  of  the  linearized  equations  with,  rudders  behind  the 
c.g.  is  shown  below: 


With  the  three  apparent  coupling  terms  (two  in  the  vehicle  dynamics 
and  one  in  the  controller)  there  are  actually  only  two  problems: 
decoupling  the  if  into  V  and  decoupling  the  rudder  force  into  the  yaw 
moment.  If  these  two  decouplings  are  successfully  made,  side  veloc¬ 
ity  will  result  only  from  disturbances,  and  a  pure  side  force  can 
be  generated  to  control  this  undesirable  motion. 

In  the  preceding  discussion  It  was  suggested  that  might  be  varied 
with  6j^  so  that  6-^  wouia  not  cause  variation  in  the  yaw  acceleration. 
From  the  flow  diagram  it  is  ob'/ious  that  if  AB  v/cre  commanded  to 
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equal  this  would  produce  an  effective  decoupler,  at  least  for 

the  linearized  model-.  To  decouple  yavj  rate  from  the  side  velocity, 
an  input  Into  the  rudder  angle  equal  to  is  necessary. 

■The  decoupled  flov;  diagram  appears  belov;; 


Figure  is  equivalent  to  figure  5,  the  fiov;  diagram  of  ideally  de¬ 
coupled  equations  shovai  belo’w. 


Prom  the  appearance  of  the  above  diagram,  it  would  seem  feasible  to 
introduce  another  tenn,  equal  to  V,  to  decouple  the  system  com- 
^’letely  and.  have  2.;'.uepC'.3.3.'.i.  csr.ercl  over  two  simple  plants.  Kewever. 
tl-.is  is  not  advlsacle  :’c-r  t:--:  rca-sc-ns ;  1)  :  ith  separate  ocntrcl  :-er 
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yavf  angle  and  side  velocity,  the  gains  can  be  adjusted  to  make  this 
coupling  term  negligible,  and  2)  small  errors  in  the  decoupling  could 
produce  an  unstable  system. 

.Control  over  the  second  order  (yaw)  equation  and  first  order  (side 
velocity)  equation  Is  designed  In  the  conventional  manner  with  posi¬ 
tion  and  rate  feedback - 

Figure  6,  the  flow  diagram  of  the  linearized  equation  with  automatic 
control.  Is  shown  below.' 


VEHICLE  CONTROLLER 


In  this  flow  diagram  the  Cg'  x;erm  Is  used  to  produce  the  differential 
thrust  term  needed  to  balance  the  rudder  moment  and  the  term  is 
used  to  produce  a  side  force  which  cancels  the  centrifugal  force. 

Kq  and  K-^  determine  the  natural  frequency  and  the  damping  factor  of 
the  yaw  dynamics.  The  C-,  feedback  determines  the  rate  of  decay  of 
an  unwanted  side  velocity.  If  the  decoupling  is  exact,  the  response 
will  be  simply  rhat  of  a  second  order  system.  However,  from 
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observation  of  the  nonllnearltles  In  t;he  exact  equations.  It  Is 
unreasonable  to  make  this  assurtgitlon,  therefore,  a  study  was  conducted 
to_  determine  the  actual  response. 


•With  the  side  force  available  at  50  knots,  the  maximum  turning  rate 
with  no  sideslip  is  about  3.5  degrees  per  second.  This  maximum  rate 
was  arbitrarily  selected  for  a  20-degree  turn.  For  any  turn  of 
greater  than  20  degrees  this  rate  will  be  reached,  and  for  a  turn  of 
less  than  20  degrees  thq  maximum  rate  attained  will  be  proportionally 
smaller.  Figure  7  shows  the  desired  turning  rate  and  angle  for  a  txirn 
of  less  tha;*  20  degrees.  This  maneuver  will  be  the  result  for  a  nev/ 
angle  command  if  perfect  decoupling  is  available. 

Automatic  Control  Design  with  Propellers  Fore  and  Aft 

In  order  to  design  a  controller  for  the  fore  and  aft  propeller  con¬ 
figuration,  linear  versions  of  the  equations  defining  this  configura¬ 
tion  must  be  derived.  A  mathematical  description  of  the  fore  and  aft 
propeller  configuration  was  developed  by  subtracting  the  rudder  terms 
from  the  equations  for  the  vehicle  with  two  rudders  behind  the  c.g. 
and  adding  terms  for  the  propellers  on  rotatable  pylons.  For  a  pre-r 
else  study  of  an  actual  fore  and  aft  vehicle,  the  aerodynamic  coeffi¬ 
cients  should  be  calculated  from  wind  tunnel  tests  as  in  the  case  of 
the  vehicle  with  rudders  behind  the  c.g.  However,  for  the  study  of 
the  fore  and  aft  vehicle  simulation,  the  coefficients  for  the  vehicle 
with  rudders  behind  the  c.g.  were  used.  Hie  resulting,,  simplified 
fore  and  aft  equations  are 


V  =  .562<t 

and 


.273V- 


1.475V'  + 


TpSinVF 


m  . 


^  -  .lr33V  +  (TpSinVp  -  T^sinv^) 

The  variables  previously  undefined  are 

Tp  -  Thrust  of  the  propeller  in  front  of  the  c.g.  (lbs), 
T^  -  Thrust  of  the  pX'opeller  behind  the  c.g.  (lbs). 
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Vp  _  Angle  of  the  propeller  in  front  of  the  c.g.  wl\th  the 
centerline  (degrees) 

-  Angle  of  the  propeller  in  the  back  of  the  c.g.  with  the 
centei^li-ne  (degrees) 

b  ' Longitudinal  distance  of  propellers  from  the  p;.g.  (ft).. 

After  linearizing  the  above  equations  and  computing  the  values  of 
the  coefficients  based  on  the  dimensions  of  SKIP-Ii  the  equations 
become : 

^  =  ...56.ri«D  -  ..273V-  1.4,75^'  +  .G0848(Tp,Vp  +  t^v^) 

and 

'i  =  .133V  +  .082(T»,Vp  _  T^v^)^ 

The  side  force  for  the  vehicle  can  be  obtained- by  turniiig  both  props 
to  an  equal  angle.  Roll  angle  is  not  used  for  the  reasons  cited  in 
thp  previous  s.ect'ion..  The  yawing  moment  can  be  obtained' by 'bne  of 
two  methods :  turning  one  propeller  pylon  to  a  slightly  different 
angle  than  the  other  or-  turning  both  pylons  to  the  'same,  angle  and 
reducing  the  thrust  o,f  one  prop^  Orlgina^lly  the-  latter  method  was 
used  a'hd  the  angle  to  which  the  pylons  were  turned  produced  a  bene¬ 
ficial  side  force.  Ho.wever,  a  study  of  this  method  of  control  on  the 
analog  conip.uter  Indicated  an  undesirable  tail  in  the  response.  The 
initial  part  Q.f  the  turning  naneuver  was  ds  predicted,  but  in  the  last 
fewjdegrees  of  the  turn  up  to  20  seconds;  were  consiuned.  Analysis  of 
the, system  transfer  function  predicts  such  a  response,,  even  for  the 
linearized  system,  .  The  basic  .problem  is  that  any  error  in  yaw  neces¬ 
sarily  has  tO:  actuate  both;  a  pylon  angle  and  differential  thrust. 

Tests  of  the  ‘‘irtt  method,  turning  the  props  to  different  angles, 
proved  it  to  be  •.  e  satisfactory..  A  yaw  error  commands  the  forward 
propeller  to  ,-c;h  ?  ’ which  produces  the  desired  turn  while  a  side 
velocity  error  cs  mmands  both,  pylons  to  an  equal  additional  angle  with 
the  centerline.  Figures  8  and  9  show  the  two  .methods  of  control. 
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POSITIVE  YAW  AND  SIDE  FORCE  CO>IMAND' :FIRST  CONTROL  METHOD 

FIGURE  8 


a.  POSITIVE  YAW.  COMMAND  ONLY 


b.  POSITIVE  YAW  AND  SIDE  FORCE  COMMAND 


PvEVISED  CONi'ROL  'rffiTHOP 
FiGUPE-  9 
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Using  the  same  reasoning  as  in  the  two-rudder  vehicle^,  figure  10  shows 
the  flow  graph  of  the  automatic  control  designed  from  the  linearized 
:equa'tlons  of  the  fore -a ft  configuration. 


in  this  control  loop,  K^'  is  used  to-  balance  the  centrifugal  force., 
determines  Che  rate  at  which  the  side  velocity  decays,  and.  Kq,  and 
Kj  determine  t!^e  response- of  the  yaw  control  loop.  With  this  control 
system  design,  all  of  the  initial  design  .goals  were  met.  Typical 
response  data  obtained  from  the  analog  computer  is  given  in  Append-ix 

■  Automatic  Control  System  With  Tv?o  Propellers  Behind  the  .C..G. 

r 

The  equations  which  describe  the  vehicle  motion  were  obtained;  in  the 
same  mariner  as  the  vehicle-  with  the  fore  and  aft  propeller  configura¬ 
tion;  the  h*’dder'  terms  are  eliraihated  from  the  e.quatlons  and  replaced 
by  the  ter  iue  to  the  rotatable  prop  pylons.  The  simplified;  equa¬ 
tions  for  tills  vehicle  are 


and 


'i  =  .133V  + 

(The  variables  not  previously  defined  are: 

T  -  Thrust  of  port  propeller  (lbs), 

Tg  -  Thrust  of  starboard  propeller  (lbs), 

a_' -  Lateral  distance  of  center  of  props  from  c.g.  (ft). 

tr  ,  ‘  • 


Tpa^cosv  Tga^cosv  (T^  +  Ts)'D^slnV 

I,  IZ  “  '  I, 


The  completely  linearized  equations  are 

V  .562^  -  .273V-  1.47.5’^  +  .00843  (T„  -i-  T^  )v 
and  P  ^ 

^  .1337  +  .08^(T^  -  Tg)  -  .00143  (T^  +  Tg,)v 

The  side  force  can  be  obtained  by  rotating  the  propellex’s  to  an  angle 
which  will  produce  the  desirable  side  force  and  the  unwanted  moment 
call  be  canceled  by  applying  a  countermoment  from  differential  thrust. 

Figure  il  is.  the  flow  diagram  of  the  control  system  design  for  the 
linearised  equations  with  tv;o  propellers  behind  the  c.g. 


VEHICLE  CONTROLLER 

r - -  —  r-7-^ 
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The  controller-  is  almost,  ■'.dentieal  .o  the  vehicle  with  rudders  behind 
the  c.g..  With  this  system  the  thrust  vector  is  redirected  by  rotating 
the  pylons,  v/hile  vJith  the  vehicle  viith  rudders  the  side  force  is 
generated  by  deflecting  the  air  flow. 

Effects  of  Wind  on  the  Automatic  Systems 

The  ability  of  the  automatic  control  systems  to  maintain  an  established 
course  against  vdnd  forces  was  investigated  for  all  three  configurations 
by  Inserting  wind  disturbance  in  the  computer  program  and  noting  the 
responses.  Both  a  constant  side  v;lnd  and  impulses  of  side  wind  v;ere 
applied.  The  responses  of  the  vehicle  x^rith  two  props  behind  the  c.g. 
and  the  vehicle  with  tvjo  rudders  behind  the  c.gi  were  similar  because 
they  both  exerted  counter  forces  in  a  similar  manner. 

A  constant  side  v;lnd  of  50  ft/sec  produced  a  constant  side  velocity 
of  5  ft/sec  and  a  constant  yaw  error  of  3  degrees  in  each  case.  The 
transient  caused  by  the  v;ind  was  longer  for  the  vehicles  with  both 
control  forces  located  behind  the  c.g..  because  the  vehicle  with  fore 
and  aft  propellers  has  a  side  force  completely  independent  of  the 
other  forces. 

For  side  wind  impulses-  of  50  ft/sea,  a  small  side  velocity  (2.5  ft/sec) 
v;as  produced  that  quickly  dropped  to  zero.  For  the  vehicles  with 
rudders  or  propellers  aft  of  the  c.g.,  a  small  excursion  (about  3.5 
degrees )‘  from  the  command  heading  took  place,  but  the  vehicle  promptly 
returned  to  the  original  course.  With  the  fore  and  aft  propeller  con¬ 
figuration,  the  depai’ture  fx?om  the  command  heading  was  negligible  (.6 
degrees ) .  . 

Since  side  acceleration  is  not  fed  back  to  the  side  force  control 
signal,,  the  major  desijin  variable  v;hich  affects  the  response  to  wind 
is  the  velocity  feedback  quantity.  'Jliis  quantity  determines  the  maxi¬ 
mum  side  velocity  which  X'jill  occur  for  either  the  constant  or  the 
impulse  v;lnd  input.  For  both  t'/pes  of  vehicles  the  vjind  induced  yav; 
error  is  proportional  to  this  side  velocity.  For  the  vehicle  v;ith  the 
side  force  located  behind  the  c.g.,,  a  decoupling  error  Is  Introduced 


21 


In  the  yav/  equation.  This  ei*ror  cot  bined  with  the  coupling  of  side 
velocity  and  ya^'t  causes  the  yav;  angle  excursion.  The  directional 
stability  force  is  the  only  yaw-producing  term  for  the  vehicle  with 
pure  side  force. 


QUiCKBiED  SYSTB  X>ISCUSSIO!I 


A  quickened  control  system  is  one  in  Khich  an  opei’ator  must  respond 
to  an  error  signal  display  to  cause  the  generation  of  proportional 
control  forces  upon  the  vehicle.  The  displayed  signal  consists  of 
a  combination  of  accelerations,  velocities  and  displacements.  If  the 
operator  makes  the  proper  control  response  to  the  error  display  in¬ 
formation,  he  is  acting .as  a  single  gain  in  the  concrol  loop;  there¬ 
fore,  he  can  be  inserted  in  any  control  loop  v;ith  a  limited  frequency 
bandvjidth  co  act  as  an  ez'ror  detector  and  actuator^ 

The  simple  case  described  belov;  de.monstrates  the  concept  of  quickeriod 
control.  ?or  the  closed  equation  a  critically  damped  second 

order  system  was  chosen  v;lth  a  natural  frequency  of  .316  radians  per 
second.  This  tj'pe  of  system  was  chosen  to  facilitate  observation  of 
any  variations  in  the  response  of  different  operators. 

The  eqiiation  describing  the  dynamics  of  the  system  in  terms  of  the 
controlled  variable  is 

X  =  .IX^  -  .IX  -  .2  X. 

Figure  12  is  the  analog  computer  diagram  for  this  second  order*  syste-ri. 
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If  a  step  input  is  coir®anded,  there  v/ill  be  no  overshoot  and  the 
variable  will  rise  to  a  final  value  of  X^.  During  its  rise  to 
the  acceleration  is  always  equal  to  the  sum  of  three  components:  .IX^, 
-.IX  and  -.2  X.  If  a  displayed  error  signal  proportional  to  this 
expression  is  used  and  if  the  operator  maintains  the  error  at  sero, 
the  response  will  be  the  sane.  The  block  diagram  of  the  quickened 
manual  control  system  is  shown  in  figure  13.  Although  this  method 
of  operation  is  referred  to  as  semi-automatic^  if  the  operator  chooses 
to  disregard  the  quickened  display,  the  control  system  may  he  operated 
in  its  sinplest  mode  -  manually. 


.2  /lO 


FIGURE  13 


Since  the  operator  is  instructed  to  maintain  the  display  at  zero, 
’Which  he  can  do  since  he  has  direct  control  o’^^er  X,  the  foliowins. 
dii’ferential  equation  describes  the  moulon  of  the  variable  (X)-: 

KX  ^  .IX^  r  .IX  +  .2/10  X  -  0. 

If  K  =  1,  then  the  equation  can  be  written  as 

X  =  .ix^j  ^  .IX  -  .2/10’x, 


which  Is  the  same  differential  equation  that  describes  the  motion  for 
the  closed  loop  sysv^;!i.  The  operator  gain  can  be  varied  sl^ly  by 
changing  the  acceleration  coefficient  (K).  Reducing  the  magnitude  of 
K  increases  the  operator  gain  and  increasing  the  magnitude  of  K  de¬ 
creases  the  gain.  The  damping  ratio  and  r.atural  frequency  can  be 
varied  in  the  same  manner  that  they  are  for  closed  loop  control  systems, 
by  changing  velocity  and  position  feedback. 

In  the  preliminary  analysis,  the  quickened  systems  can  be  studied  by 
replacing  the  operator  viith  a  simple  gain.  Tiie  analog  computer  should 
then  be  used  to  determine  hov?  large  the  variation  is  between  the  pre¬ 
dicted  and  the  actixal  response.  As  v;ell  as  the  usual  errors  \';hich 
can  arise  in  the  design  of  automatic  sysbems,  other  errors  can  occur 
when  using  the  quickened  control  systerriSr:'  the  display  may  be  slightly 
in  error,  some  systeni  motions  may  be  too  fast  for  the  human  to  respond 
to,  and  the  operator  may  have  mcments  of  liiattention. 

The  first  two  of  these  possible  errors  must  be  niihimlzed  by  the  system 
designer;  the  third  will  probably  cause  more  problems  with  a  simulator 
than  on  an  acti^l  vehicle.  In  actual  flight  the  operator  will  "feel" 
the  motion  of  his  craft  and,  therefore,  sense  as  well  as  see  the  need 
for  quickened  assistance. 

The  first  display  tested  was  a  one-dlirsensional  (one  control)  voltmeter 
and.  the  indicator  on  this  we  ter  had  to  be  positioned  at  zero*.  This 
display  soon  fatigued  the  operator  so  that  he  could  not  operate  effec- 
tiveiy..  Because  of  this  difficulty  a.  new,  two-coritrol  display  was 
devised:  for  two-dimensional  systems. 

This  display  has  tv;o  forms  both  using  the  21-ihch  oscilloscope.  In 
the  first  form,  shown  in  figure  l4a,  the  circle  which  can  move  in  two 
dimensions  must  be  kept  at  the  origin.  In  the  second  form,  shoi^n  in 
figure  l4b,  the  operator  must  keep  the  horizontal  line  centered  on  the 
circle,  which  must  be  kept  on  the  vertical  reference  line.  With  the 
controls  set  up  on  the  simulator,  the  second  display  method  is  less 
tiring  for  the  operator. 


25 


a)  Quickened  Scope  Display  -  Number  One 


C' 


b)  Quickened  Scope  Display  -  Number  Two 
FIGUKE  i4  QUICKENED  SCOPE  DISPLAY  NLYBERS  ONE  AND  TWO 
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In  the  first  display,  a  horisontal  d .splacement  of  the  circle  symbol 
from  the  origin  is  proportional  to  the  yavf  error  signal  and  a  vertical 
displacement  indicates  a  side  velocity  error  signal.  If  the  symbol 
is  to  the  left  of  the  origin,  the  control  must  be  turned  to  the  right 
to  bring  it  over  the  origin.  If  the  symbol  is  abcve  the  vertical 
reference  line^  the  stick  must  be  pulled  back  to  cancel  this  error. 
When  this  display  is  used,  the  yaw  motion  is  generated  by  turning  the 
v/heel,  and  the  side  force  control  is  generated  by  moving  the  stick 
forv/ard  and  back.  While  this  would  not  be  a  desirable  motion  for  an 
actual  vehicle,  the  simulator  operator  has  the  feeling  of  having 
direct  control  over  the  symbol  position  since  the  error  signal  moves 
in  the  dix’ection  ox'  stick  motion. 

The  second  display  vdll  be  more  useful  to  the  actual  vehicle  than  the 
first  dis'j'lay  and  v;ill  also  be  easier  to  control  on  the  simulator. 

In  this  display  the  distance  from  the-  center  of  the  line  to  the  center 
of  the  circle  represents  the  side  velocity  error.  Motion  of  the  stick 
to  the  i?ight  moves  the  line  to  the-  right  and  motion  of  the  stick  to 
the  left  moves  the  line  to  Che  left.  The  yav;  error  is  represented  and 
controlled  as  in  the  first  display,  in  the  control  station  simulation 
for  3KIP-I,  the  foot  pedals  control  the  rudder  side  force.  Hence  the 
foot  pedals  are  used  to  control  the  distance  of  the  line-  from  th*’ 
circle  center  and  the  vrfieel  controls  the  position  of  the  circle 
Figures  15  and  16  show  the  tvxo  displays  in  various  conditions  of 
operation. 
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a)  Side  Velocity  ;Error  - 
Command  Is  To  Pull 
Stick  Back 


b)  Yaw  Control  Error  - 
Command  Is  To  Turn 
Wheel  Right 


c)  Both  Yaw  And  Side  Velocity  d)  Gontx’ols  Properly  Used 
Error  -  Command.  Is  To  Pull 
Stick  Back  While  Turning 
Wheel  Right 


FIGURE  15  QUICKENED  SCOPE  DISELAY  ~  NUMBER  ONE 
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V 


IMPtEWENTfillON 

Thla  section  describes  an  approach  to  Implementation  of  the  automatic, 
.system  and  pobslbls  displays  for  the  jguickened  coi\trpi  signal. 

Figure  17  shows  the  Implementattoh  of  the  automatic  control  system 
with  two  rudders  behind  the  c..g.  '  ich  of  the  components  represented 

is  a  common  item.  Electrical  signals  which  are  proportional  to  the 
variables,  and  combine  to  produce  the  actuating  signal,  must  be 
obtained.  These  variables  are  .yaw  angle,,  yaw  command,  -yaw  rate, 
rudder  angle,,  and  side  velocity. 

The  difference  between  the  actual  yaw  angle  and  the  command  yaw  angle 
is  generated  by  a  synchro  control  transformer  after  a.  directional 
gyro  senses  the  yai'/  angle;.  The  range  of  the  directional  gyro  must  be 
zero  to  360  degrees.  The  proper  scaling  of  this  term  is  achieved  by 
adjusting  the  gain  on  an-  a-c  amplifier. 

The  yaw  rate  signal  is:  generated  by  a  rate  gyro  aligned  along  the 
yaw  axis.  This  sensor  must  be  accurate  from  zero  to  15  degrees  per 
second  and,  must  be  able  to  v/ithstand  rates  of  up  to  45  degrees  per 
second.  i?he  signal  produced  contributes  to  both  the  rudder^  angle  and 
differential  propeller  pitch  angle. 

The  electrical  signal  which  is  prcporbional  to  the  rudder  deflection 
angle  is  acquired  by  using,  a  potentiometer  with  the  wiper  driven  by 
the  rudder  shaft.  This  voltage  feeds  back  to  the  6^,  .power  amplifier 
and  also  into  the  .^3  power  amplifier  as  part  of  the  actuator  signal. 

The  typical  sensor  range  vjould  be  -45  to  +45  degrees. 

Side  velocity  is  the  only  quantity  which  is  not  directly  measured. 

An  accelerometer  is  mounted  to  detect  side  acceleration  and  this  out¬ 
put  is  integrated  to  obtain  a  signal  proportional  to  the  side  velocity.. 
The  upper  limit  of  the  side  velocity  is  approximately  40  Icnots.  A  side- 
looking  doppler  radar  could  also  be  used  for  overland  operation  as  long 
as  the  operator  remembers  that  vihen  operating  over  water  he  must  correct 
for  the  water  motion  sensed  by  the  doppler. 
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YAW  COMMAND 


FIGURE  17  AUTOMATIC  IMPLEMENT AT.iON  DIAGRAM 


Tho  yaw  rate  Unit  Is  ortalned  by  u.-lng  logic  circuitry.  V/hen  the 
rate  roaches  the  maitiinLim  allov/able  value^  the  command  from  the  yaw- 
error  sigr.o.1  is  grounded;  and  when  the  yaw  angle  approaches  the  command 
heading.,  the  error  signal  again  actuates  the  A(3  command. 

All  of  the  above  signals  are  in  terms  of  a-c  voltages  except  rudder 
deflection.  These  a-c  signals  must  be  demodulated  bo  produce  the  d-c 
sdignals  which  actuate  the  controls.  To  allow  manual  operation,  a 
switch  should  be  provided  to  remove  the  outputs  of  the  demodulators. 

The  quickened  system  display  presents  a  more  novel  implementation 
problem.  During  the  operation  on  the  analog  computer,  the  operator's 
complete  attention  v;as  on  the  quickened  control  signal  with  only  an 
occasional  glance  at  the  meter  displays.  In  the  act-ual  ACV,  he  will 
not  be  able  to  give  complete  attention  to  an  oscilloscope  display 
since  he  will  also  be  v;atchlng  the  ground  track  and  any  potential 
flight  hazards.  Therefore,  it  is  advisable  bo  use  a  display  that  vjlll 
project  this  information  into  ,his  line  of  vision  vjithout  interfering 
with  his  normal,  flight  vision,  The  "Head-up"  display  system  developed 
for  aircraft  flight  offers  such  a  solution. 

The  head-up  display,  shown  in  figure  18,  is  a  group  of  symbols  pro¬ 
jected  from  a  cathode  ray  tube  on  the  windshield  in  the  pilot's  line 
of  sight.  To  eliminate  the  need  for  the  operator  to  refocus  his  eyes 
from  the  grou.nd  track  to  the  display,  it  is  focused  at  infinity.  In 
an  airplane  the  main  use  for  this  system  is  to  give  the  pilot 
information  for  manual  control  of  the  vehicle.  The  advantages  of  this 
system  to  the  pilot  are  less  eye  fatigue  and  uninterrupted  attcntic- 
to  the  flight  path.  Each  of  these  display  symbols  usually  shows  one 
of  the  opera ti.ng  variables.  In  the  quickened  application,  the  symbol 
positions  v;ould  be  governed  in  the  same  maiiner  as  the  symbols  on  the 
scope  display  during  the  computer  study,  v/hich  is  a  combination  of 
these  variables. 

The  symbols  in  figure  18  represent  only  two  of  many  possibilities  for 
a  head-up  display,  To  require  the  operator  to  maintain  line  A  on  line 
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POSSIBLE  HEAB-UP  LISPLAY  SYMBOLS  FIGURE  l8 


B  would  be  an  effective  way  to  present  the  quickened  yaw  display 
since  the  required  rotation  of  line  A  would  be  analogous  to  the  wheel 
motions..  Another  possible  representation  of  the  quickened  errors 
could  be  derived  from  these  symbols.  The  yav;  error  could  be  repre¬ 
sented  by  the  distance  of  one  circle  from  the  origin.  Lateral  motion 
of  either  the  other  circle  or  the  horizontal  line  C  could  indicate 
side  velocity  error. 

Several  possibilities  exist  for  displaying  the  required  symbols. 

The  selection  of  the  best  symbols  requires  more  work  in  human  factors, 
which  is  beyond  the  scope  of  this  study. 
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CONCLUSIONS 


After  desicning  autotnatic  and  semi-automatic  controls  for  three  general 
■vehicle  configurations,  the  following  conclusions  v;ere  madet 

1)  The  quickened,  or  semi-autonvatic,  system  has  advantages  over 
manual  control  for  all  three  vehicle  configurations.  With 
quickened  aid  the  operator  can  eliminate  overshoot,  coordin¬ 
ate  the  tv;o  forces  that  control  yav;  and  sideslip,  and  perform 
these  operations  v;ith  less  effort. 

2)  The  controls,  such  as  rudder  angle,  propeller  pitch,  and  pylon 
angle,  can  be  combined  effectively  to  control  sideslip  and  yav; 
in  all  three  vehicle  configurations  and  can  be  designed  to 
make  prescribed  maneuvers  within  the  limits  of  the  available 
forces.  Of  the  tv;o  methods  devised  for  manipulating  the  fore 
and  aft  propellers  to  control  yav;,  the  one  that  uses  the  dif¬ 
ferential  prop  angle  is  the  most  effective  for  the  automatic 
and  quickened  operations.  Tne  other  involves  turning  both 
pylons  to  the  same  angle  and  reducing  the  thrust  of  one 
propeller. 

3)  Automatic  systems  that  provide  effective  course- changing  and 
course- keeping  operation  can  be  designed  for  all  three  con¬ 
figurations.  The  course-changing  method  can  minimize  side¬ 
slip  during  maneuvers. 

4)  The  automatic  systems  can  be  implemented  with  conventional 
sensing  and  actuating  devices. 

5)  For  the  conventional,  two-propeller  ACV,  an  automatic  system 
can  be  used  either  entirely  viith  control  components  within 
the  loop  or  v.'ith  an  operator  rep?vacing  the  error  sensors  and 
actuating  devices. 
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6)  For  the  conventional,  tv;o-propeller  AW  v;ith  or  without  rud¬ 
ders,  the  automatic  and  semi-automatic  (quickened)  systems 
are  comparable  in  effectiveness.  Either  control  system  can 
predeter'iiiue  maneuvers  and  either  system  can  be  designed  to 
make  optimum  use  of  the  availabla  foi'ces. 

A  general  conclusion  is  that  the  same  design  pjrocedure  can  be  used  for 
vehicles  viith  more  than  two  propellers  as  vjac  used  for  the  three  f'on- 
figurations  selected  for,  this  study.  This  information  is  based  on  the 
knowledge  that  all  of  the  forces  of  at  least  one  of  the  two-propeller 
configurations  are  avc.ilabie  for  any  vehicle  with  three  propellers  or 
more. 
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KECOMT-'iEnD/VTICS^S 


As  a  result  of  these  studies  of  the  autotnatic  systems  it  has  been  con¬ 
cluded  that  they  are  ready  for  implementation.  No  major  problems  were 
found  that  require  further  study.  Hierefore,  it  is  recommended  that 
the  next  course  of  action  should  be  to  apply  the  automatic  systems  to 
actual  vehicles  in  order  to  test  the  controls  under  more  realistic 
conditions.  The  automatic  designs  can  be  applied  directly  to  any 
vehicle  for  which  an  adequate  mathematical  description  of  its  dynamic 
operation  is  available.  From  the  study  conducted  on  the  implementa¬ 
tion,  the  appllcaxion  of  these  automatic  designs  should  offer  no  major 
difficulties.  The  automatic  system  for  the  vehicle  with  tv;o  rudders 
behind  the  c.g.  is  ready  to  be  applied  to  the  actual  vehicle.  It 
remains  only  to  select  the  particular  components,  which  are  readily 
available. 

The  quickened  display,  hov/ever,  needs  some  additional  development  be¬ 
fore  it  is  usable.  It  is  recommended  that  a  head-15)  display  be  de¬ 
vised  for  an  actual  quickened  system  and  this  study  include  developing 
the  controls  using  human  factors,  engineering  until  they  can  be  used 
with  a  minimum  of  operator  effort.  After  this  study  Is  complete  the 
total  quickened  system  design  should  be  Installed  and  tested  on  a 
vehicle  to  evaluate  its  performance  under  realistic  conditions  and 
compare  this  to  that  of  the  vehicle  operated  without  the  benefit  of 
quickened  aid. 
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APPEJjDIX  I 


1)  ■'.'OrEICIA'PURE  USED  lU  EQUATIOIIS 

2)  VEHICLE  EQUATiaJS  WITH  LIIIEARIZED  MODEL 

3)  EXAMPLES  OF  LINEARIZED  EQUATIONS  FOR 
YAW  AND  SIDE  FORCE 


Area  of  the  hase  eaclo£|ed  by  the  peripheral  Jet 
centerline  -  ft^ 

Area  of  the  disc  generated  by  each  rotating  pro¬ 
peller  -  ft® 

Horizontal  distance  in  the  y  direction  between 
the  CO  and  the  thrust  line  of  one  propeller  -  ft 

Horizontal  distance  in  the  y  direction,  between 

the  CO  and  the  Center  of  Pressure  (CP)  of  one  fin  -  ft 

The  center  of  .i^avlty  of  the  vehicle 

The  drag  coefficient  of  each  fin  based  on  the  fin 
area  ininefsed  in  the  propeller  slipstream 

The  lift  ^coefficient  based  on  the  area>  AB^ 

The  lift  coefficient  in  a  horizontal  plane  of  eeich 
fin  baaed  on  the  fin  area  insneraed  in  the  propeller 
slipstream 

The  yawing  moment  coefficient  of  the  fuselage  based 
on  the  base  area>  Aj,  and'  the  length  of  the  base,  iff 

The  force  coefficient  of  the  fuselage  along  its 
x-axls  based  on  the  area;  A3 

The^  force,  coefficient  of  the  fuselage  .along  its 
y-axis  based  on  the  area;  A3 

The^  propeller  dlKbeter  -  ft. 

The  'acceleration  due  to  gravity  •  32.2  ft/sec* 

Height  of  the  lift  fan  inlet  above  the  CG  -  ft 

Height  of  each  propeller  thrust  line  above  the 
CO  -  ft 
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Height  of  each  fin  CP  above  CG  -  ft 

Moments  of  Inertia  about  the  x,  y,  and  z  axes 
respectively  -  slug  -  ft^ 

Length  of  the.  “nishion  -  ft 

Distance  of  each  propeller  plane  behind  the 
CG  -  ft 

Distance  <ahead  of  the  CG  of  the  lift  acting  on 
the  fuselage  -  ft 

Distance  of  each  fin  CP  behind  the  CG  -  ft 

Mass  qt  the  vehicle  -  slugs 

Volume  flow  rate  of  air  through  the  lift 
fan  -  ft^/sec 

Area  of  each  fin  wMch  is  inmeraed  in  the  pro¬ 
peller  slipstreami  »•  fb^ 

Thrust  -  lb 

Thrust  of  the  left  proposer  -  lb 
Thrust  of  the  right  propeller  -  lb 

Ine^ial  velocities  of  the.  vehicle  in  the  x,  y,  and  e  axes 
respectively  -  ft/sec 

Velocity  of  the  propeller  allpstrcaxa  -  ft/sec 

Velocity  of  the  relative  wind  ft/sec 

Velocity  of  the  relative  wind  over  each  fin  - 
ft/sec 

Velocity  of  the  wind  which  is  Ihdependent  of  the 
vehicle  motion;  -  ft/sec 

Induced  velocity  of  each  propeller  *  ft/sec 

Gross  weight  lS  the  vehicle  -  lb 
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X,Y,Z 

x,y,z 

P> 

$ 

<P 


a 


Earth  -  flxad  axla  ■yttam 

Body  -  fixed  exli  ayetem 

Angle  betveen  the  fin  chord  and  -  rad 

Rudder  deflection  >  rtd 

Mass  density  of  air  -  slugs/ft^ 

Angle  of  yavj  positive  nose  rtght  •  rad 

Angle  of  pitch)  positive  nose  up  •  rad 
Angle  of  roll)  positive  right  side  down  •  rad 

AnfpA  between  the  X*axis  and  the  relative  wind 
in  a  horliontal  plansi  soartinea  called  the 
sideslip  angiU  •  rad 

Angle  between  the  X>axis  and  the  relative  wind 
in  a  vertical  plane |  coae^iines  called  the  angle 
of  attack),  r^sitive  nose  up  in  relation  to  the 
wind  vector'  <>•  nd 


other  notation 
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EQUATIOHS  OF  MOTION 


1)  Forward  Force  - 

u  =  -ge  +  h  ■  . . (,u  +  +  u^^slnf ) 
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la)  Linearised  Forward  Force  Equation  - 
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2 )  Side  FovcQ  - 
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p3 
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2a)  Linearized  Side  Force  Equation  ~ 

•  •  ■  pQ.-v 

=  gA$  -  r  — (V  ~  -  U,ji.,COS^At;' 


-  =  -  § 


’sSL  ■'■  '^HN^  ‘^DRl'^°^‘r1,^‘rL  ''■  ^“sSL  ■•■ 


V“j^,)  sin€j^j^  ^  d6j^"  SrL^^'^^RL  ^^^SSL^^^SSL 


■*■  “  (’^RST.  ■*■  '^Rm)  ^T.RT  ®^^^.RT.A^RT.  "*■  +  ^m  ) 


'Rir''RN 


SSL  "  ''RM/  ''LRL'"""  RL"^  RL  ^  ^^SSL  "  ''RN^ 


cose. 


3  C  3  C  * 

‘^‘:hi,  *  ^“r!  -  W“"SL  (^^SSL^^SSL  2VrkAVr„) 

^^'^SoR  %RR^°®^RR^^RR  ^SSR  ^RN^  ®"-^"^RR. 

^  C  - 

^  -r;j-  A5r)  +  Cjjj^pSlnSpp  (^%SR^^SSR  ^"'^RN^^’^RN ^  "  ^^SR 

n 

’■Rr'  ^LRR^“''‘^RR'^^RR  ■‘■^^SR  ^  cose^^  (~^ 


RR 


'^LRR 


'^"r'  ■^'  ^'LRH'^'^‘'^RR  ^^^SSR^^^SSR  ^^RN^^^RN^i 


AT„  + 


„*^2  r  «  ^G„’cp,  ^C,  '9,.  '-)C  'cPo  ' 

-  ['?«RW  (-4p  ^  -4b®  '^'^R  +  - 

*  ^-P'S-'?:,  4-  +  u|„  (0,..,^,  +  Cy',p)  ^p] 


^C.  '9 


^3r  --R 


3‘)  Yaw  Moment  - 
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3a)  Linearized  Yaw  Moment  Equation  - 
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*  ’ll!'  'iRR’^A'rR^HH  +  (“IsH  +  ’Im)  COS6V.  (  ' 


RL 

SSR 


3c 


~'LRR 

^  -5^  W^rr  (RRssrABssr  +  +  ,(b|3^  _ 

■*■  VpmJ  pT»i>C98Coi»4e„„  +  (u|^  +  v2„)  8lnc-p  (^.RRR 


LRR  ^ 

RR  RR 


'RN'  '^DmPP-'RRP'RR 
3C 


SSR  ^ 


RR  'S—  A^hr 


"DHR 


36|, 

*4' 


“r>  +  W^^RR  (RRssrARssr  *  R'^RN^Vj^)]  t  [{o| 


'SSL 


‘XRL'“*RR'’'rR  *  (4l  *  4'  »‘~RR  ^RL  ^  ABj) 


+  WlntjR  (20ssi,Ang3j^  +  aVj^Vj^)  +  (pfgj^  +  V®^)  0j^8lne3j^9£ 


RL 
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”  ■  °DRL°°°*RL  ^^^SSL^^SSL 

+  SVpjjAVpjj)  -  (u|gj^  +  v|j,)  Cjjjy^aln€jjpA6j^  +  (u|g^  +  ^^)  cos€j^ 

^*RR  °DRR°°°^.RR  ^^^SSR^^SSR  ^^RN^^RN^ 


—  ('Uggj^  +  Vpfj)  CmBCOsc^QAc 

.  ^°LRR 


SSR  ^  ’RN'  ''LRR'^'"“'RR“'RR  "  '“SSR  '  ’RN'  -“''RR  '3?^  “'RR 


RR  *“'  ®°R 

SSR  ^  'RN 

A6p  -  CrjjijSlnC^Q  (2Uq(;pAUq<;p.  + 

^°y'»R 


3C, 


LRR 


A€, 


'^"SSR^'^SSR 

pfl-DS/p  r  o 


96r  R 

tl 

^Z 


>3 


STl  ^  '^Pl 


STt 


ATp  + 


R  dpR 

+  IP  (Oy-'PL  +  “y'fR)  +--'^W  (“y'^L  +  °y'‘PR)  ] 

4)  Roll  Moment  - 


♦  -  -2C,|)'!0^4'  -  ai^<I»  - 


2  pQfhf 


I 


V  +  Vyf^eoai/  - 


pSph 


2m 


3 

”  [^^S>'*'  ®LRL°°®*RL  "*■  ^^SL  '•■  °DRL®^”*RL 


*'  ^^SR  ®LRR°°®*RR  ^^SR  ■*’  ®DRR®^”*Rr] 

prD^hp 

-  *»’  ^  S' Sw1”rw| 


4a)  Linearized  Roll  Moment  Eqiiatlon  - 

pQ^h^ 


|aV  -  UygSlni^AT^  +  coa^AQ^jg 

-UyjjCOS^At  -  slnyrAU^^  j'  -  -5^  [  -  (^si,  +  V^)  9lRL®^”*RL^®RL 
^®3SL  ■*■  '°**ur.  ( 


M  -  ,„ 


"RI,-*-lf 


“r'  +  ®lri;=°”rl  (^OgsL^sSL 


^  8*RL  "“  ‘’“R 

+  ^Vj^jjAYrn)  +  (UggL  +  v|jj)  CDrai°°®*RL^*RL  ^RN^  ®^”®RL  ^^RL 

acy 


RL 


^DRL 

asp 


ABr)-  +  Cpgj^slnCj^  (2Uggj^AU|ggj^  +  2VgjjAVpjj)  -  (u| 


SSR 
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’In*  +  («?«  +  ’?»)  “»‘r»  < 


dC. 


IJW 


'SSR  "  ‘RN* 


,  .  ^°LRR  ..  V 

RR  "dSJ"  ^®R^ 


RR 


RR 

°LRR°°®*RR  ^'^^SSR^^^SSR  ■*■  ^''^RN^^RN^  ■*■  ^4sR  "*■  *^I>RR®°®*RR^*I 

(^SR  +  ®^"‘rR  ^‘rR  ^®R^  ^  °DRR®^’^‘rR  ^^^SSR^^^SSR 

F^hpr  .  .  .  . .  .  .^V'Pl 


®Ix 

ac„-cp, 


[<p(Cy'<PL  +  Cy'(pp)  aUj^^Uj^^.  +  (pu|^^  ( 


+  SVjyjAVjyj)]  - 


'  ^PR 

5)  Pitch  Moment  - 


+  UupSlny)  t 


■PVl 


8  .  -2?g<l%9  -  «|9  r  ^  +  V  + 

'  y 


9f.p^f 

~ 


(u  +  UyjjCOS^ 


^WE 


21, 


''r«I"rhI' 


5a V  Linearized  Pitch  Moment  Equation  - 

..2*,,  ^p  .  Am  ^ .  v^f  r 

Iv  L 


^  -  -2Cga>e^  -  (^"^L  ^'^R^  ■*■ 


AU  -  UyjjSlniJ'Ai^' 


+  coa^AU^^  +  U^coafAi^r  +  slnVAU^^l  +  [u|y,  Aq)_)  +  ] 

6)  Heave  Equation  r 

The  heave  equation  has  not  yet  been  derived  due  to  the 
complexity  of  the  base  flow. 
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Relationships  Between  Independent  Variables  and  ; 

Used  in 

the  Equation  of.  Motion 

1) 

O  8Tr 

^  ’  prD2 

+  (u  +  u^cosy  +  y^siny)^ 

8ATt 

la) 

S^SSL^^SSL  ' 

-  — ^  +  2(U  +  UyjjCoay'  +  Uwe' 

(fWUr 

+  alnyAU^jg 

-  U^slnyAy  +  U^^coayAy^ 

2) 

m  ‘w 

+  (u  +  U^coay  +  UygSlny)^ 

8aT„ 

2a) 

^^SSR^^SSR  ' 

+  sinyAUy^ 

-  u^jjjSinyAy  +  u^^cosyAy) 

"WN 


'WN 


•  • 

3)  Vpjj  -  V  +  U^coST^'  -  +  h^(p  - 

3a)  AVjjjj  -  AV  r  U^alny’Ay  +  costJ-AU^^  -  U^jjCosifrA^  -  sln^^AU^jj 

•  • 

+  h|.A9  -  i^At 

4) ,  u|^  -  (y-  +  U^^.cosV'  +  y^slniJ')^  +  (V  +  U^^cpsy'  -  UyjjSlny^)^ 


4a)  ■  2(U  +  U^^cosy  +  U^slny')(AU  -  U^jjalny-AV’  +  cosy-AU^jj 

+  UypCOstAy  +  slny-AU^)  +  2(V  +  U^gCosy  -  U^slny)(AV 
-  UygSlnyAy  +  cosyAU^^  -  UyjjCosyAy  r  slnyAU^^) 
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5)  £  .  tan-  — 


-1  V  + 


Vrn 


UvjEslnV^  + 


U  +  UwESini^'  +  UyjjCosiJ' 


AV, 
"WE* 

"WE  ■*■  ^WE" 


5& )  Ao  ^  . .  BN  ■  ■  ■  -»■■  I.  _  j.  —  '  iRM  ■  "  I JT  { AU 

^  ^  (u  +■  U^slny  -I-  UyjjCoaif')  {u  +  U^slnV^  +  Uu„co8i^')5 


"WE‘ 


'WN‘ 


+  slm^rAUwP  -I-  UypCosV'AV'  +  cosV'AUyjj  -  U^slnif ii^r) 


6)  « 


RL 


V  V 

tan^l  ^  RN 
Ussl“Ussl 


6a)  AC 


AV, 


RN 


'RN 


AU, 


UssL  SSL 


T) 


‘>RR 


"SSL^ 
USSR  USSR 


^VpM  Vp„ 

7a)  ^pp  -  -M  -.  ,.;.■  AU,,,.p 

^  USSR  (Ussr)^  Si>R 


8). 

c  -  ^(<p) 

9) 

®LRR  “  ^‘^*RR'®R^ 

10) 

^DRR  “  ^^‘rR'^R^ 

11) 

Cwf  ■ 

12) 

=y"PL  -  ‘■(’’i.'Pl’ 

13) 

®y'*B  ” 
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Examples  Of  Linearized  Equations  For  Yaw  And  Side  Force 

1)  50  Knot  Forward  Velocity 

V  -  .  562*  -1.^25j^  -  .2T3V  -  lA75i 

f  ^  -  pj^)  +  .5626^  +  .  133V 

2)  25  Knot  Forward  Velocity 

V  »  ..562<>  -  .0926j^  -  .I5W  -  .737^ 

V  =  l.l(pj^  -  Pj^)  +  .3^65^  +  .093V 

3 )  50  Knot  Forward  Velocity  -  12  Knot  Side .Velocity 

V  »  .56a4>  -  .l6016j^  -  .262V  -  1.475^ 

V  =  1-7(Pj5  -  Pj^)  +  .6o46j^  +  .1'43V 

4)  25  Knot  Forward^ Velocity  -  6  Knot  Side  Velocity 

V  -  .5624>  r  .1076j^  --  .137V  -  .737^ 

V  «  1.1(Pl  -  ^R)  +  .4026^  +  .IplV 

Ail  angles  are  in  degrees  and  velocities,  are  in  ft ./sec. 
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APPENDIX  II 


ANALOG  COMPUTER.  DLAGRAKS 


SYI^BOL 


ANALOG  COMPUTER  SYMBOLS 
COMPONENT 


Potentiometer 


Summing  Amplifier 


Integrating  Amplifier 


High-Gain  Amplifier 


Servo-Multiplier  Drive 


Servo-Multiplier  Potentiometer 


Meter 


Nonlinear-Function  Generator 


I-i 


ACy/  /»^p « A.  <# At  (i  H-IF  *  I  CcMH^omAf/o^'^ 


ry!?{irnTi{;  cdKTRni.iiER 


AUTOMATIC  CONFIGURATION  WITH  RUDDERS  BEHIND  C.G. 


I  GfcUIEUAD  FORM  FOR  AUTOMATIC  CONTROL  WITH 
RU’DCER  EElilND  THE  C.G. 


IIIr.1 


AUTOMATIC  CONPIGURATIOi'f  WITH  TWO  PROPELLERS  BEHIND  THE  C.G 


SENERAL  FORM  FOR  AUTOf-TATIC  CONTROL  WITH  TWO  PROPELLERS  BEHIND  THE  C.G 


QUICKENED  SYSTEM  WITH  TWO  PROPELLERS  BEHIND  THE  C.G. 


GENERAL  FORM  FOR  QUICKENED  SYSTEM  WITH  TWO  PROPELLERS  BEHIND 

THE  C.G. 


III^I 


APPENDIX  ly 


ANALOG  COMPUTER  DATA 


EXPLANATION  OF  ANALOG  COI4PUTER  DATA 


This  section  contains  the  oscillographic  recordings  of  the  pertinent 
‘.variables  during  the  vehicle  simuiation  on  the  analog  computer.  The 
variables  of  primary  interest  are  the  j^aw  angle  and  sideslip  angle 
(or  side  velocity),. 


The  manual  control  (page  B^-3)  Illustrates  the  major  problems  in 
the  vehicle  control.  The  side  velocity  rises  as  high  as  13  ft/sec 
and  it  is  difficult  to  hold  the  vehicle  exactly  on  course.  The 
acceleration  (i^')  changes  signs  many  times  as  the  operator  tries  to 
guess  the  proper  yaw  rate  to  reach  the  desired  yaw  angle.  The  yaw 
rate  (f)  reflects  the  problems. 

Page  IV-4  shov/s  the  automatic  control  response  v.'hich  results  from 
the  use  of  idealized  forces,  i.e.  pure  side  force  and  pure  yaw  moment. 
The  f  term  is  significantly  different  from  that  .resulting  from  the 
manual  control.  The  low  side  velocity  during  the  maneuver  at  one -half 
of  the  design  velocity  indicated  that  it  is  possible  to  generate  good 
control  responses  without  a  nonlinear  side  force  teim  proportional  to 
i^U  (the  centrifugal  acceleration.) 

Pages  IVr5j  T'l-.S,  and  IV-7  shov;  automatic  responses  with  the  rudder 
behind  the  c.g.  page  IV-5  shows  that  at  the  design  velocity  the 
sideslip  is  negligible  -  about  two  degrees.  A  sideslip  of  the  same 
magnitude ,  but  in  the  opposite  direction,  is  observed  while  turning 
at  one -half  the  desig'^  velocity.  The  apparent  d£unping  in  yav?  is  also 
reduced  at  this  veloc-  /,  but  the  overshoot  is  still  .zero,  page  Vl-f 
shov;s  that  hulllfyirig  an  Initial  side  velocity  of  10  feet  per  second 
at  50  knots  forv/ard  velocity  causes  a  3*5  degree  excursion  in.  yaw 
angle.  This  angle  returns  to  the  command  heading. 

Pages  IV -9  and  IV-10  show  similar  maneuvers  for  the  fore  and 

aft  vehicle  configuration.  The  response  in  this  case  is  smoother 
than  the  vehicle  with  two  rudders  behind  the  c.g.  Even  at  one-half 


IV-1 


I 


oi"  the  original  design  velocity  the  sideslip  rises  to  only  about  one 
degree.  V/hen  nullifying  a  side  velocity,  since  .piu’e  side  force  is 
available,  no  excursion  from  the  vehicle's  commanded  heading  occiii’s. 

Pages  TV-11  and  IV-12  demonstrate  the  feasibility  in  closing  a  con¬ 
trol  loop  with  an  operator  inserted  in  it.  page  IV-11  shev/s  that 
the  system  is  repeatable  with  the  same  operator  and  with  different 
operators.  Comparison  of  each  of  the  variables  with  the  manual  system 
on  page  IV-3  indicates  its  ability  to  produce  a  smoother  response. 

This  characteristic  is  particularly  evident  in  yaw  rate  (•^), 

Page  rV-12  shov;s  the  similarity  of  the  response  of  the  vehicle  with 
tv;o  propellers  behind  the  c,.g.,  to  the  rudder  -  equipped  vehicle. 
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MANUAL  CONTROL  WITH  RUDDERS  BEHIND 


AUTOMATIC  CONTROL  WITH  IDEALIZED  FORCES 


VSECOND 


'FOOT  POUNDS 


AUTOMATIC  SYSTEM  Wiili  RUDDERS  BEHINE!  TOE  C.G^  MANEUVERING 

At  the  DESIGN  VELGCITY 


AG (DEGREES) 


y( DEGREES) 


AUTOMATIC  SYSTEM  WITH  2  RUDDERS  BEHIND  THE  C.G.  -  MANEUVER 

AT  1/2  THE  DESIGN  VELOCITY 


(DEGREES) 


AUTOMATIC  SYSTEM  WITH  RUDDERS  BEHIND  THE  C.G.  -  NULLING  AN 

INITIAL  SIDE  VELOCITY 


CO 

w 


o 

§ 


e- 


c. 

s 

o 

o 
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> 


o  mo 


o 
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Ap( DEGREES) 


(DEGREES)20 


03 

OJ 

03 

W 
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O 
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03 

P^- 


O 


o 


TURNS  WITH  AUTOMATIC  FORE  AND  APT  CONFIGURATION 


VKLOrjTY 


(  degree 


URNS  WITH  AUTOMATIC  FORE  AND  APT  CONFIGURATION  AT 
1/2  FORWARD  DESIGN  VELOCITY 


FORWARD  DEOIGN  VELOCITY 


( DEGREES 


O  O  OJ  -X)  o 

r-1  m 

c  • 

^  cvj 


•a: 

> 


. 


B 


(DEGREES) 


DEGREES)  20 


t( degrees)  10 


Experienced  Operator  4  Novice  Operator 


quickened  system  with  two  propellers 


AT (POUNDS)  200 


